brain and is particularly enriched at synapses, where it plays a crucial role in the regulation of synaptic transmission, transmitter release and synaptic plasticity (Greengard et al. 1993; Llinas et al. 1991; Gordon et al. 1996) . Therefore, it is not surprising that changes in activity and autophosphorylation of CaMKII are also involved in the mechanism of action of psychotropic drugs.
Long-term, but not acute, treatment with antidepressant drugs (ADs) blocking selectively or non selectively serotonin (5-HT) reuptake was found to induce a robust and sustained increase in autophosphorylation of presynaptic CaMKII in the hippocampus, particularly in the pool of kinase tightly bound to synaptic vesicles (Popoli et al. 1995 . Direct incubation in vitro of vesicles with the drugs did not increase the kinase activity. No change was observed in a membrane fraction containing mainly postsynaptic kinase, a result that pointed to a predominant effect of drugs on presynap-tic mechanisms. A similar change in presynaptic CaMKII in hippocampus was found after treatment with a reuptake blocker selective for the noradrenaline (NA) transporter (reboxetine), whereas an atypical AD (S-adenosylmethionine) induced a similar modification in cerebral cortex but not in hippocampus, and a nonrelated drug (diazepam) was shown to be devoid of such effect (Popoli et al. 1997a; Zanotti et al. 1998) .
These changes in presynaptic CaMKII were found to be associated to an increase in the post-hoc endogenous phosphorylation of the kinase protein substrates in synaptic vesicles. Phosphorylation of synaptotagmin, the putative calcium sensor in neurotransmitter release (Geppert et al. 1994) , was increased two-threefold following treatment with 5-HT reuptake blockers (Popoli et al. 1997b) .
Further studies investigated the effect of long-term AD treatment on the activity and translocation of CaMKII. Pilc and coworkers (1999) found that prolonged imipramine (a tricyclic AD) and electroconvulsive shock treatment induced an increase in particulate activity and a decrease in soluble activity of the kinase in hippocampus. Because in the soluble compartment the decrease in activity was associated with a decrease in kinase level, the change was suggested to be accounted for by a translocation of kinase from the soluble to the particulate compartment. The modifications in CaMKII were not further investigated at the level of isolated cellular compartments. Another study failed to find any effect of imipramine and sertraline (a selective 5-HT reuptake inhibitor) on total CaMKII activity in frontal cortex (Takodoro et al. 1998) .
On the whole, these studies suggested that modifications in brain CaMKII function are implicated in the long-term action of compounds endowed with antidepressant properties. The changes observed in presynaptic protein phosphorylation may be correlated with the increase in the extracellular level of monoamine neurotransmitters measured in several terminal brain areas after AD treatment (Kreiss and Lucki 1995; Yoshioka et al. 1995; Artigas et al. 1996) . Both exocytotic release and reuptake blockade or desensitization have been implicated in this increase. However, it is not clear whether only the presynaptic compartment is involved in these kinase modifications, as shown by the changes in the endogenous calcium/calmodulin phosphorylation of vesicular substrates (Popoli et al. 1997b) , or other subcellular pools of the kinase are also affected.
Besides in nerve terminals, CaMKII is present in several other neuronal compartments, where it is involved in the regulation of multiple processes, such as cell cycle, gene expression, cell excitability, and postsynaptic plasticity (Braun and Schulman 1995; Heist and Schulman 1998; McGlade-McCulloh et al. 1993; Silva et al. 1992) . Co-localization of the kinase with different substrates, likely carried out by means of anchoring proteins (Bayer et al. 1998) , might therefore extend the action of AD treatment to different kinase pools and regulatory functions. Accordingly, a study of CaMKII in homogenates and in total soluble or particulate fractions could overlook the kinase pools involved, making it difficult to investigate the possible subcellular functions of CaMKII affected by ADs.
In the present study, we investigated the effect on CaMKII of long-term treatment with desmethylimipramine (DMI), a typical tricyclic drug which predominantly inhibits NA reuptake. In order to analyze the effect of the treatment in various brain regions, four different areas were dissected: hippocampus, frontal cortex, residual cerebral cortex (addresses to henceforth as 'cortex'), and striatum. From each area, five subcellular fractions were isolated, enriched with nuclei, cytosolic post-mitochondrial fraction, synaptosomal membranes, synaptic vesicles, synaptic cytosol, respectively.
MATERIALS AND METHODS

Animal Treatment and Dissection of Brain Areas
The animals were housed and treated according to the guidelines for care and use of experimental animals of the European Community Council Directive 86/609/ EEC. Groups of eight male Sprague Dawley rats (170-200 g at the beginning of treatment) received daily intraperitoneal injections of 15 mg/Kg desmethylimipramine or vehicle (saline) for 15 days. The animals were sacrificed 24 h after the last injection, the brains were quickly dissected on ice, and the areas of interest collected and immediately processed. After dissection of olfactory bulbs, the whole frontal lobe was separated by a coronal section in correspondence of the optic chiasm, and referred to as 'frontal cortex' (Glowinski and Iversen 1966) . The remaining parietotemporal cortex was simply referred to as 'cortex'.
Preparation of Subcellular Fractions
Subcellular fractions were freshly prepared from whole hippocampus, frontal cortex, cortex and striatum. Fractions enriched in nuclei (P1), total cytosol (S2), synaptosomal membranes (LP1), synaptic vesicles (LP2), and synaptic cytosol (LS2) were prepared through differential centrifugation and ultracentrifugation according to Huttner et al. (1983) as previously done in Popoli et al. (1995) . Characterization of subcellular fractions with regard to morphology and protein markers was carried out in the papers above and in Popoli and Paternó (1991) . The isolated fractions were aliquoted and stored at Ϫ 80 Њ C; protein concentration was measured with the BCA assay kit (Pierce).
Endogenous Protein Phosphorylation
Ca 2 ϩ /calmodulin (CaM)-dependent endogenous phosphorylation of synaptic vesicle proteins was carried out as previously described (Popoli et al. 1995) . Five microgram of protein from the LP2/sample were incubated in the presence of 0.2 mM CaCl 2 and 20 g/ml CaM. The reaction was started by adding [ ␥ -32 P]ATP (4-10 Ci/mmol) at the final concentration of 10 M. After 1 min at 30 Њ C, the reaction was stopped by adding half the incubation volume of SDS-electrophoresis buffer. Phosphoproteins were fractionated by SDS-PAGE in 10% polyacrylamide minigels (Bio-Rad); after staining the gels were dried and subjected to autoradiography,
Assay of CaMKII Total and Autonomous (Calcium-Independent) Activity
CaMKII activity in all the subcellular fractions was assayed by measuring the initial rate of phosphate incorporation in the selective peptide substrate autocamtide-2 (AC2, Biosource) (Popoli et al. 1995) . Phosphorylation reactions contained 20 M autocamtide-2, 0.2 mM CaCl 2 , 20 g/ml CaM, 20 M [ ␥ -32 P]ATP (0.6 Ci/ mmol), and 2.5, 5, or 10 g protein/sample (depending on the fraction). The reaction was carried out at 30 Њ C for 30 s, and then stopped by adding ice-cold TCA to a final concentration of 5%. After centrifugation, 10 l of the supernatant were spotted on phosphocellulose P81 paper (Whatman). The filters were washed in 75 mM phosphoric acid, dried, and counted for liquid scintillation. CaMKII autonomous activity was assayed essentially by the same procedure, except that phosphorylation reactions contained 2 mM EGTA, 2 M heat-stable cAMP-dependent protein kinase inhibitor (New England), and 5 M protein kinase C (fragment 19-36) inhibitor (Sigma). For both assays blanks were prepared by incubating samples in the absence of peptide.
Quantitative immunoblot of ␣ -CaMKII
Western blot was carried out as previously described (Verona et al. 2000) . Samples containing 1-5 g of total protein/lane were fractionated by SDS-electrophoresis and electrically transferred to polyvinylidene difluoride (PVDF, Millipore). The blots were stained with monoclonal Ab for ␣ -CaMKII (Boehringer) diluted 1:1000. After incubation with peroxidase-coupled antimouse IgG diluted 1:1000 (Sigma), the protein bands were detected by enhanced chemiluminescence (ECL, Amersham) and quantitated using CCD camera images of films and image analysis software (NIH Image 1.62). Standard curves were plotted by using various amounts of fractions probed with Ab as previously described (Verona et al. 2000) . All samples used for experimental results were within linear range of standard curves.
RESULTS
Endogenous Calcium/Calmodulin-Dependent Phosphorylation in Synaptic Vesicles after Long-Term Treatment with DMI
Previous studies showed that long-term, but not acute, treatment with ADs belonging to different drug classes induced a robust and sustained increase in the endogenous calcium/calmodulin-dependent protein phosphorylation of nerve terminals in hippocampus (Popoli et al. 1995 . DMI is a tricyclic drug, inhibiting NA reuptake about 100 times more potently than the reuptake of 5-HT, that has been used for over three decades for the treatment of depression. In order to study whether DMI induces, in presynaptic protein phosphorylation, changes similar to those induced by 5-HT reuptake blockers, and whether regional differences are involved, endogenous phosphorylation was investigated in the synaptic vesicle-enriched fraction (LP2) from four brain areas: hippocampus (HI), frontal cortex (FCX), cortex (CX), and striatum (STR). As shown in Figure 1A , little or no endogenous phosphorylation of the kinase major isoform ( ␣ -CaMKII) and of vesicular substrates was observed in the absence of calcium/ calmodulin. As previously found for other ADs, longterm treatment with DMI (15 mg/kg for 15 days) resulted in a large increase in endogenous phosphorylation of hippocampal synaptic vesicle proteins, including the autophosphorylated kinase ( Figure 1B) .
It is noteworthy that phosphorylation of CaMKII substrates (particularly synapsin I, the prominent phosphoprotein of about 80 kDa) increased along with kinase autophosphorylation. Protein phosphorylation was also increased, although at a lower extent, in frontal cortex and striatum; no change was detected in the cortex. These results were in line with previous data suggesting that hippocampus is the main area interested in the effect of ADs on presynaptic protein phosphorylation. However, the increase in calcium/calmodulin-dependent phosphorylation in frontal cortex and striatum suggested that these areas are also relevant for the effect of DMI at nerve terminals. No changes in CaMKII were detected in animals acutely treated with DMI (15 mg/kg, single administration, not shown).
Total (Calcium/Calmodulin-Dependent) Activity of CaMKII after Long-Term Treatment with DMI
The total (calcium-dependent) activity of CaMKII was assayed by measuring the initial rate of incorporation in a selective peptide substrate (AC2) (Ocorr and Schulman 1991) . From each of the four brain areas dissected (see above) five subcellular fractions were prepared, enriched with nuclei (P1), cytosolic post-mitochondrial fraction (S2), synaptosomal membranes (LP1), synaptic vesicles (LP2), synaptic cytosol (LS2), previously characterized as to their morphological and biochemical features (Huttner et al. 1983; Popoli et al. 1995) . These fractions contain different kinase pools, involved in the regulation of multiple cellular functions. Of the three synaptosomal fractions (LP1, LP2, LS2), the last two mainly contain CaMKII associated with nerve terminals. The LP1 fraction contains CaMKII associated with the synaptosomal membrane, a large portion of which is represented by postsynaptic kinase highly enriched in postsynaptic densities copurifying with synaptosomes (Rostas and Dunkley 1992 ; for a discussion see Popoli et al. 1995) . No changes in CaMKII activity were found after acute DMI treatment (not shown). Figure 2A reports the kinase specific activity values in subcellular fractions from hippocampus of long-term treated animals. Among the different fractions, LP2 displayed the highest CaMKII activity in hippocampus, as well as in the other brain areas utilized; the DMI treatment induced a robust increase (51.9%) in the kinase activity associated with hippocampal vesicles, much as for previous AD treatments (Popoli et al. 1995) . No changes were detected in the other synaptosomal fractions. Instead a robust increase (58.9%) was detected in the cytosolic S2 fraction and a decrease ( Ϫ 23.2%) in the nuclear fraction. In frontal cortex ( Figure 2B ) the activity was increased by 24.2% in LP2, confirming that the vesicular kinase is affected by AD treatment also in this area; the activity in LP1 was also increased by 23.4%. However, as in hippocampus but more markedly, CaMKII activity was increased in the S2 cytosol (306.2%). In cerebral cortex ( Figure 2C ) no significant change was detected in LP2, whereas the kinase activity was increased in LS2 (62.1%) and in LP1 (20.6%). In striatum ( Figure 2D ) the activity was increased in LP2 (45.9%), LS2 (69.6%), and S2 (26.5%).
In the absence of a prominent NA innervation, as for hippocampus or frontal/prefrontal cortex, there is no clear explanation at present for this increased kinase activity in striatum. However, it is intriguing that the mechanism of kinase upregulation appears to be different in this area (see below). Also, the affinity of DMI for various receptors might be involved.
Overall these results showed that, as strongly suggested by previous data, the pool of CaMKII associated with synaptic vesicles is markedly affected by AD treatment; DMI increased the activity of this pool in three out of four brain areas examined (hippocampus, frontal cortex, striatum).
Autonomous (Calcium-Independent) Activity of CaMKII after Long-Term Treatment with DMI
A hallmark of CaMKII regulatory properties is represented by the kinase autophosphorylation and generation of autonomous (calcium-independent) activity. Autonomous activity is triggered when the kinase autophosphorylates a key residue in the autoregulatory domain (Thr286 in ␣ -isoform) (Braun and Schulman 1995) . Activ- 32 P]ATP. After SDS-PAGE, protein phosphorylation profile was evidenced by autoradiography; ␣-CaMKII is indicated. Molecular weight standards are in kDa. The basal phosphorylation in cortical areas and striatum appears here lower (compared to hippocampus) than when assayed with peptide substrate. This may be due to the lower sensitivity of the former procedure and to the lack of linearity of x-ray film. ity-dependent generation of autonomous activity has been demonstrated at both pre-and postsynaptic sites (Gorelick et al. 1988; Fukunaga et al. 1993) , and was strongly implicated in the regulation of synaptic plasticity (Hanson et al. 1994; Lisman 1994; Silva et al. 1992 ; De Koninck and Schulman 1998). Moreover, it has been proposed that a major effect of stress (a key generating factor in affective disorders) is a breakdown of calcium homeostasis in hippocampal neurons (McEwen and Sapolsky 1995) . Consistently, it was recently proposed that the autonomous activity of CaMKII might also regulate the 'pathological' forms of plasticity associated with stress (Kim and Yoon 1998) . Therefore, autonomous kinase activity, through the modulation of changes in synaptic plasticity, might be involved in both the pathophysiology of affective disorders and in the action of ADs.
To investigate whether autonomous CaMKII activity is modified by AD treatment we measured the activity in the absence of calcium/calmodulin in hippocampus and frontal cortex. Basal level of autonomous kinase activity has been previously studied in hippocampal slices and primary neuronal cultures, and is usually reported as a percentage of total (calcium-dependent) activity. Autonomous activity was reported to be in the 5-10% range (Fukunaga et al. 1989; Ocorr and Schulman 1991; Molloy and Kennedy 1991; Murphy et al. 1994) . We found that in LP2 fractions from control animals autonomous activity was 5.8% of total activity in hippocampus, 4.4% in frontal cortex, and 4.0% in striatum.
The assay of autonomous activity in control and treated animals showed that this activity was increased by 42.9% in the LP2 fraction in hippocampus ( Figure  3A) . In frontal cortex ( Figure 3B ) the activity was increased by 21.5% in the same subcellular fraction; autonomous activity was also significantly increased in LS2 and in P1 fraction. In striatum, where CaMKII activity is lower than in HI and FCX, the autonomous activity was increased in S2, LP2, and LS2 ( Figure 3C ). In the two last fractions the increase was 63.1% and 48.7%, respectively. This large increase of autonomous activity in striatum was surprising, although it paralleled the increase in total activity ( Figure 2) .
As in previous studies, the presynaptic compartment in hippocampus appeared to be a primary target in- Figure 2 . Assay of total CaMKII activity (in the presence of calcium/calmodulin) in subcellular fractions from brain areas of control and DMI-treated animals (see Methods). The activity was measured as initial rate of incorporation in the selective peptide substrate autocamtide-2 (reported as pmoles of phosphate incorporated/g protein in the fraction/min). Statistics: Student's t-test for paired samples (# p Ͻ .05; * p Ͻ .01, § p Ͻ .0005; n ϭ 3-4 experiments in sextuplicate).
volved in the AD-induced modifications. Incidentally, the increase of autonomous activity in hippocampal vesicles was also visible in the autoradiographies from endogenous phosphorylation (see Figure 1A) .
Immunoreactivity of CaMKII in Synaptic Vesicles and Cell Cytosol after Long-Term Treatment with DMI
The change in the activity of CaMKII might be caused either by an increase in the level of the kinase (due to changes in gene expression or in protein translocation) or to posttranslational modifications affecting the enzymatic activity. In previous studies, no changes in the protein level of the kinase or of its vesicular substrate synaptotagmin were found associated with the increase in presynaptic calcium/calmodulin-dependent phosphorylation and CaMKII autophosphorylation induced by AD treatment (Popoli et al. 1995 (Popoli et al. , 1997b .
In the present study, the protein level of ␣ -CaMKII was measured by Western analysis in the LP2 and S2 fractions from the four brain areas. In the LP2 fraction (Figure 4) , no changes in the protein level of ␣ -CaMKII were detected in either hippocampus, frontal cortex, or cerebral cortex. However, interestingly, a 43.7% increase in the kinase level was found in striatum, a value pretty close to the 45.9% increase in total activity found in the same fraction. No changes were found in the actin level, used as internal control, in the same sample. This novel finding, suggested that the increase in presynaptic CaMKII activity may be induced by AD treatment in different ways, depending on the brain area involved. With regard to the S2 cytosolic fraction, no changes were found in CaMKII level in the four areas.
DISCUSSION
DMI Treatment Increases Total Activity and Autophosphorylation of Presynaptic CaMKII in Hippocampus like SSRIs and SNRIs
This study integrated and extended previous works reporting modifications induced by long-term AD treat- Figure 3 . Assay of calcium-independent CaMKII activity (in the presence of 2 mM EGTA) in subcellular fractions from hippocampus and frontal cortex of control and DMI-treated animals (see Methods). The activity was measured as in Figure 2 , but in the absence of calcium/calmodulin. Student's t-test for paired samples (* p Ͻ .05; ¶ p Ͻ .005, § p Ͻ .0005; n ϭ 2-3 experiments in sextuplicate). ment in the activity of hippocampal presynaptic CaMKII. A first question was whether DMI, a typical tricyclic drug, has a similar effect on the kinase as drugs with a different primary mechanism, such as selective 5-HT reuptake inhibitors (SSRIs) or 5-HT and NA reuptake inhibitors (SNRIs). DMI robustly increased total activity and autophosphorylation of CaMKII in the synaptic vesicle-enriched subcellular fraction (LP2) from hippocampus, similar to SSRIs and SNRIs (Popoli et al. 1995 . Therefore, although DMI inhibits mainly NA reuptake, the net action on the hippocampal presynaptic kinase was quite the same as for different ADs. This result is in line with the conclusion of several studies carried out in recent years, showing that ADs with different primary mechanisms of action may induce similar modifications in post-receptor signaling systems, likely associated with the development of therapeutic effect (Hyman and Nestler 1996; Artigas et al. 1996; Manji et al. 1996; Duman 1998) .
It may be speculated that delayed effects of ADs on CaMKII and presynaptic protein machinery be accounted for by one or more of the following mechanisms: 1) desensitization of nerve terminal auto-or heteroreceptors for 5-HT and NA; 2) changes in calcium homeostasis and signaling induced by ADs; and 3) changes in the expression of neurotrophic factors (Blier and de Montigny 1994; Lavoie et al. 1997; Duman 1998 ; for a discussion see Popoli et al. 2000) .
Our previous studies with 5-HT reuptake blockers failed to detect changes in the kinase autophosphorylation in total cerebral cortex. The present results with DMI showed that whereas the kinase associated with synaptic vesicles is affected in frontal cortex, this is not true for all the remaining cortex taken as a whole; this suggests that an increase of CaMKII activity in frontal cortex following treatment with 5-HT reuptake blockers may have been overlooked when the whole cortex was investigated (Popoli et al. 1995) .
DMI Treatment Increases Total Activity of Presynaptic CaMKII in Striatum by a Mechanism Different from Hippocampus and Frontal Cortex
While the present results confirmed that hippocampus is the brain area where AD-induced changes at presynapses are more marked, they also showed that the effect Figure 4 . Western blot of ␣-CaMKII in synaptic vesicles (LP2) of controls and DMI treated animals. After SDS-PAGE and transfer to PVDF, kinase bands were stained with monoclonal antibody for ␣-CaMKII, evidenced with enhanced chemiluminescence, and analyzed with image analysis software (NIH Image 1.62). No significant differences were found, except for striatum ( ¶ p Ͻ .005; n ϭ 3 -4 experiments in quadruplicate).
on CaMKII is not restricted to the hippocampus. The fact that in striatal vesicles the protein level of ␣-CaMKII was increased by a factor nearly equivalent to the increase in total kinase activity strongly suggested that the up-regulation of CaMKII activity in striatum is attained by a mechanism different from hippocampus and frontal cortex (e.g., by an increase in gene expression or in translocation of the kinase at nerve terminals). Further work is warranted to investigate the mechanism involved.
DMI Treatment Increases Total Activity of CaMKII in Different Subcellular Compartments
The measurement of total CaMKII activity in different subcellular fractions proved that kinase pools other than that associated with synaptic vesicles are also affected by AD treatment. A moderate but significant increase of kinase activity in the synaptosomal membrane fraction (LP1) in cortical areas indicates that CaMKII associated with postsynaptic membranes may also be affected. As this pool of kinase is particularly important for signal transduction and synaptic plasticity in postsynaptic compartments, this finding suggests that CaMKII-regulated synaptic transmission in cortical areas might be affected by ADs at both pre-and postsynaptic sites (Blier and de Montigny 1994) . Furthermore, the increase of CaMKII activity in the S2 fraction in all areas except cortex suggested changes in the total cell cytosol pool of kinase. The marked increase in total activity of this pool, particularly in frontal cortex (306.2%) and hippocampus (58.9%), implies potential changes in the phosphorylation of cytosolic substrates of the kinase, and consequently in other (non synaptic) CaMKIIregulated functions.
Endogenous phosphorylation experiments will be required to investigate the identity of the protein substrates involved and of the cellular processes potentially affected. It is not known at present whether this effect is restricted to DMI or is common to several ADs, as for presynaptic protein phosphorylation.
The present findings are in line with our previous data and only partially in agreement with those of Pilc and colleagues (1999) , who recently found that longterm treatment with imipramine induced a decrease of total soluble CaMKII activity and an increase of total particulate activity in hippocampus. Besides the different drug treatment (the DMI precursor imipramine), the different preparation procedures used may account for the different findings. CaMKII is ubiquitary in the brain, with 80% of activity bound to membranes in cerebral cortex (Hanson and Schulman 1992) .
Whereas the increase in total particulate CaMKII activity found by Pilc and colleagues (1999) may well be due to the presence of synaptic vesicles in the highspeed pellet used for the assays, the total soluble fraction used by those authors was quite different from the cytosolic fraction used here (S2). In fact, in that study, hippocampal tissue was homogenized in hypotonic buffer, a condition not preserving the integrity of synaptosomes and of many other subcellular compartments, and the resultant cell cytosol was separated by a single high-speed centrifugation. Such a high-speed supernatant will likely contain the total cell cytosol, without membranous elements. Instead, the S2 fraction used in the present study is a post-mitochondrial supernatant containing cell cytosol as well as light particulate elements, such as microsomes. Therefore, it is possible that the increase in kinase activity we found in the S2 fraction is associated with light particulate elements and that the extent of these changes covers any change occurring in soluble proteins. However, as addressed above, using total cellular fractions is less likely to yield information about specific subcellular pools of CaMKII because the kinase is ubiquitary.
DMI Treatment Increases Autonomous Activity of CaMKII in Synaptic Vesicles of Hippocampus and Frontal Cortex
As briefly outlined above, autonomous (calcium-independent) activity, generated by autophosphorylation of CaMKII on both sides of synapses, is strongly implicated in the regulation of synaptic transmission. Whereas several hypotheses have been advanced as to the function of CaMKII autophosphorylation at postsynaptic densities (Kennedy et al. 1990; Mayford et al. 1995; Giese et al. 1998 ), its role is less clear in nerve terminals, although it is known that stimulation of terminals is associated with the transient generation of autonomous activity (Gorelick et al. 1988; Fukunaga et al. 1995) . Autonomous CaMKII activity is likely to exert a stimulatory action on transmitter release, as suggested by experiments in which autophosphorylated kinase was introduced in nerve terminals (Nichols et al. 1990; Llinas et al. 1991) .
Various substrates of CaMKII have been characterized in nerve terminals, and for some of them functional changes were shown to be regulated by phosphorylation (Greengard et al. 1993; Yokoyama et al. 1997; Risinger and Bennet 1999; Verona et al. 2000) . The finding that the basal level of presynaptic CaMKII autonomous activity in hippocampus is increased following DMI treatment is particularly intriguing. When generated in nerve terminals by in vitro stimulation, this form of activity was found to increase transiently in the face of a stable total activity of the kinase (Gorelick et al. 1988) . Here, we found a sustained increase in autonomous activity ( Figure 3A) , which roughly parallels the concomitant increase in total activity (Figure 2A) , without a significant change in its percentage over total kinase activity. It can be speculated that in hippocampal synaptic vesicles the sustained increase in CaMKII autonomous activity is functional to the increase in the total activity induced by long-term drug treatment.
Autophosphorylation of the kinase on the threonine autonomy site is likely implicated, but could not be the only mechanism involved. In fact, we recently found that both DMI and the two SSRIs paroxetine and fluvoxamine induced changes in the kinetic constants of presynaptic CaMKII in the hippocampus (Brunello et al. 1999) . Such sustained changes in the kinetics of CaMKII could be responsible for the increase observed in the phosphorylation of protein substrates after treatment, and could induce marked changes in the presynaptic protein machinery regulating transmitter release (Popoli et al. 1997b . Indeed, the function of synapsin I, N-type calcium channel and synaptotagmin was shown to be modified following calcium/calmodulin-dependent phosphorylation. For all three effectors, the modifications induced by the phosphorylation could facilitate transmitter release. In conclusion, these results confirm the involvement of CaMKII in antidepressant drug action and suggest that a primary component in the action of psychotropic drugs may be the modulation of transmitter release.
